Chemical treatment is the best technology for the purification of copper-cobalt aqueous solutions because of its ability to remove suspended solids detrimental to downstream processes. However, the lack of optimization and adaptation of this method for the purification of the solutions obtained from the leaching of copper-cobalt ores with high mineralogical variability leads to significant fluctuations in the efficiency of the purification. This work investigated the batch settlingflocculation of fine solid particles (Al 2 O 3 and SiO 2 ) from copper-cobalt aqueous solutions using different flocculants (Brontë 234, APAM D8625-10, and CPAM D9640). The experimental variables comprised flocculant type, flocculant dosage, solids concentration, settling area, settling rate, % Al 2 O 3 , % SiO 2 , and particle size. The experimental 12 9 7 matrix was analyzed by principal component analysis, and the resulting principal components (PCs) and Varimax rotated PCs were analyzed using correlation circle plots. The most important settling variables proved to be the solids concentration, together with % Al 2 O 3 and particle size. High settling rate (0.42 m/h) and low settling surface (0.40 m 2 /t/h) were obtained at the flocculant dosage of 20 g/t. In addition, good settling performance was obtained with anionic flocculants (APAM D8625-10 and Bronté 234) rather than the cationic flocculant considered (CPAM D9640).
Introduction
This work was initiated because of the newly found interest in the use of cobalt in batteries, electric vehicles, and energy storage technologies. This creates an environment in which improved treatment of cobalt-bearing ores and cobalt-aqueous solutions can have significant impacts. The Democratic Republic of Congo (DRC) is the world's foremost cobalt producer, with about 64,000 tons per year. Most of the known-to-date remaining reserves of cobalt in the DRC are found in the lower part of the Neoproterozoic Katanga Supergroup of the Congolese Copperbelt [1] [2] [3] [4] . The copper-cobalt deposits of the Congolese Copperbelt are characterized by a great variability in mineralogy. Cobalt is found in heterogenite (Co 3? OOH), but a large part (10-30% by mass of total cobalt) is also locked in refractory gangue minerals or in heterogenite associated or inter-grown with gangue minerals such as goethite, clays, and silicates. This predisposes the ores to inefficient
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& Méschac-Bill Kime meschackime@engskillsconsulting.com 1 sulphuric acid leaching. After leaching, the aqueous solutions obtained are purified by Dorr thickeners using suitable flocculants. This step helps to remove most of the fine solid particles in the aqueous solution such as Al 2 O 3 and SiO 2 . The challenge, however, is to remove fine solids while minimizing the entrainment of the valuable metals. Most common variables of the settling process include the nature of the pulp, the particle size distribution, the concentration of solids, the nature of the flocculant (flocculant charge, molecular weight, number of active sites, flocculant dosage, and flocculant solution viscosity), agitation of the flocculant-pulp mixture, and pH [5] . In this study, two new flocculants, CPAM D9640 and APAM D8625-10, were suggested for treating Co-Co residues, and their use in the decantation process is compared to that of Brontë 234. Given the large number of variables and the diversity of the pulps to be decanted, multivariate analysis techniques are recommended [6] [7] [8] .
In this work, principal component analysis (PCA) was used. To confirm the need to replace the new one with the two new ones, the PCA will help compare their performance during decanting based on operational parameters. The idea behind the PCA is to extract the most significant trends from numerous interactive data, prioritize, and eliminate marginal or one-off effects that disrupt the overall perception of the facts [9] . This is useful to reveal the main features, the correlations, the similarities, or the differences between the variables or groups of variables [10] . The aim of this work was to optimize the sedimentation efficiency of solid particles (Al 2 O 3 and SiO 2 ) from Cu-Co leach residues using three suggested flocculants and to identify specific levers for their sedimentation.
Materials and Methods

Samples Origin, Characterization, and Preparation
Four separate concentrate samples were obtained from different Cu-Co ore operations at the Kambove and Kilamusembu mines in the Democratic Republic of Congo. The samples from Kambove mine were obtained from froth flotation and Heavy Medium Separation (HMS) operations and are labeled Flot KVE and HMS KVE . The samples from Kilamusembu mine were obtained from froth flotation operations and are labeled Flot KIL1 and Flot KIL2 . The chemical characterization of the samples was performed by atomic absorption spectrometry (AAS, Perkin Elmer AA400 spectrometer). The results are presented in Table 1 . It can be noted that all the four samples had high silica content. The as-received samples were ground to 70%-75 lm. The particle size distributions of the samples are given in Table 2 .
For the settling tests, pulps were prepared by leaching 150.0 g of each sample with 75 g/L H 2 SO 4 (98%, Pa, Merck Ò ) to which 2.5 g/L of FeSO 4 Á7H 2 O (98%, Pa, Merck Ò ) and 2.5 g/L Fe 2 (SO 4 ) 3 Á5H 2 O were added. The leaching conditions were solid mass percent 13%, temperature 60°C, stirring speed 800 rpm, and leaching time 2 h. These conditions were chosen to obtain more than 96% extraction of copper and cobalt.
Flocculant Characteristics
The flocculants used (Brontë 234-BR, Axis House, South Africa; CPAM D9640-CPAM, Yixing Cleanwater Chemicals Co., Ltd., China; and APAM D8625-10-APAM, Yixing Cleanwater Chemicals Co., Ltd., China) are synthetic polymers consisting of ionizable monomers in solution. They are based on the acrylamide monomer and can reach several million units of monomers. Brontë 234 and APAM D8625-10 are anionic flocculants and have an amide group on the polyacrylamide. They were all received in powder form and were prepared using the same procedure. Table 3 gives the physical properties of the flocculants used. The flocculants were dissolved in deionized water for a final concentration of 0.1% (w/w). As soon as the deionized water was stirred in the glass beaker (IDc90 mm) at 750 rpm, the flocculant was poured into it and the mixture was allowed to homogenize for 4 h to get all the grains of the flocculant dissolved. The mixtures were kept for 24 h before use. In aqueous solutions, they undergo hydrolysis and then ionization to acquire a negative charge [11] . CPAM D9640 is a cationic polymer. The acrylamide can also acquire positive charges by reaction of the amide group with dimethylamine or by copolymerization with another cationic monomer [12, 13] . For the effectiveness of the flocculation, the polymer must first be adsorbed to particles in suspension. Adsorption can occur through electrostatic interactions between charged polymer segments and the surface of opposite-sign particles, via bonds. Bridging and neutralization are the two main flocculation mechanisms. They are related to the molecular weight and charge density of the polymer and to its equilibrium conformation when adsorbed. These mechanisms can work in synergy.
Flocculation-Settling Tests
Flocculation-settling tests were carried out on the pastes to evaluate the performance of the various flocculants for the sedimentation of suspended solids in the pulp. A volume of 1000 mL of pulp was placed into a graduated cylinder of 0.34 m in height and 0.062 mm in diameter. The solids were held in suspension by means of a stirred perforated disk at the rate of 1 pulse per second before the addition of an adequate amount of flocculant, then 1 pulse every 2 s during the addition of the flocculant. The stopwatch was started when the solid-liquid interface reached the 1000 mark of the graduated cylinder. The time taken by the solid-liquid interface to travel the distance between two marks was taken regularly. After 24 h of settling, the final height (H ! ) was recorded. The solids obtained were filtered, dried, weighed, and analyzed. The settling characteristics were calculated according to Talmadge-Fitch's sedimentation theory [14, 15] as follows:
where V, S, h, tu, and C o are settling velocity (m/h), settling surface (m 2 /t/h), height of the pulp in the graduated cylinder (mm), time required to reach the desired solid concentration, and solids concentration (g/L or 10 3 t/m 3 ). DH is the distance traveled by the solid-liquid interface from the compression height H m at time t c to height H ! after time step Dt.
Finally, the solution was poured on 125 mm diameter, 22 m pore sizes Whatman filter paper. The solids retained on the filter were dried and weighted. Determination of the TSS was conducted on the aqueous solutions before and after settling.
Principal Component Analysis (PCA)
For the purpose of the PCA, the following variables were considered: flocculant dosage, solids concentration, settling surface, settling velocity, particle size distribution, and composition of solids (% Al 2 O 3 and % SiO 2 ). Results from the PCA are presented in the form of a matrix of X data. The matrix comprises two-point clouds that include the cloud of points-variables and the cloud of pointsobservations. Let X be the matrix of the data, let i denote an observation (row), in number I, and k, a variable (column), in number K, and x ik is the value (called data) taken by the observation for the variable k.
PCA allows finding out associations between variables, thus reducing the dimensionality of the data table. This is achieved by diagonalization of the correlation matrix of the data, which transforms the original variables (x k ) into new uncorrelated (orthogonal) ones (F k-n , weighted linear combinations of the original variables), whose quality of reproduction of the information through the reproduced inertia (k k ) can be appreciated. The new variables F ks are termed principal components (PCs). Figure 1 shows an example of a two-variable data set where new axes are drawn.
The principle of PCA is, therefore, to reduce the number of data while accounting for the variance observed in the mass of data. Thus, the first extracted component (F1) corresponds to the greatest variance present in the initial variables. The remaining variance explained by the first component is subjected to the same process of component extraction. This second component is independent of the In this work, the data used contained 12 observations and 7 variables. All the variables had different dimensions. PCA requires the data to be centered and reduced. The formulas (3), (4), and (5) were used for this purpose.
with x k the mean of the data corresponding to the variable k, and s k the standard deviation of the data.
The analysis according to the PCA approach calculates the distance between observations and allows, by projections on a graph, to determine the similarities. It will also allow determining the associations between variables studied by projections on the correlation circle.
In addition, the eigenvalues of the PCs are a measure of their associated variance. The contribution of the original variables in the PCs is given by the loadings, and the individual transformed observations are called scores. A Varimax rotation allows to 'cleaning up' the PCs by increasing the participation of the variables with a higher contribution, and by reducing that of the variables with a lesser contribution. In that way, the number of original variables contributing to each VF is reduced at the cost of a loss of orthogonality.
Results and Discussions
Flocculation-Settling Tests on the Pulp
Results of the settling tests of the pulp with no addition of the flocculants are presented in Table 4 . The results indicated that the solids in all samples hardly settled, suggesting that large areas of sedimentation would be required to improve settling performance.
Results of the settling tests of the pulp with the addition of the flocculants are presented in Table 5 .
Statistical Treatment of the Data
The Excel add-in XLSTAT Ò 2015 compatible with Microsoft Ò Windows Ò was used for calculations. Figure 2 shows the eigenvalues of the correlation matrix generated from the data given in Table 6 . This figure allows us to see the importance of the components, the evolution of the cumulative size, and quality of information returned by the six factors obtained. As can be seen, the first 3 PCs accounted for about 89.62% of the variance or information contained in the original dataset. Given that F3 accounted for only 12.56% of the information and for the sake of convenience related to the plot (2-D charts), only the two dominant PCs (F1 and F2), having eigenvalues greater than unity and explaining 77.06% variance of the initial information, were retained for the purpose of PCA. In general, it is recommended to apply some detection criteria on the PCs considered before retaining them as main components. In this work, the PCs were evaluated by the rules of Kaiser-Guttman, Karlis-Saporta-Spinaki, and the broken sticks test of Frontier and Legendre [16] [17] [18] . The results indicated that F1, with 58.33% of inertia explained, satisfied the criteria.
The operating variables can also be used to characterize PCs. In Table 5 , the factorial coordinates (Coords.) are used to locate the relative positioning of the variables, the contribution (CTR) indicates the influence of a given variable on PCs, the correlation (CRT) expresses the degree of adequacy of the modeling, and Cos 2 indicates the quality of the representation of the variable on the factor (fraction of its inertia restored by the factor) and SUM Cos Further, in PCA, components are not correlated with each other. Therefore, by applying the Varimax rotation, the variables (solids concentration, % Al 2 O 3 , and PSD), that are strongly correlated with F1, would be independently related to F2 defined by the dosage of the flocculant and % SiO 2 . These results lead us to postulate that the variation of the solids concentration is weakly influenced by the variation of the flocculant dosage. In addition, since settling tests were carried out on the pulps with solids suspension [ 93.64 g/L good settling performance would be obtained by increasing the flocculant dosage [19] . The analysis of the results shown in Fig. 3 clarifies the previously postulated hypothesis. The total variance explained by F1 and F2 was 77.06%, which corresponded to a loss of information of the order of 22.94%. It must be emphasized here that the best return of information is obtained when %F1 ? %F2 tends to 1be 100%. As a result, the correlations obtained in Table 6 and shown in Fig. 3 are amply justified. A correlation circle plot of the scores of the chosen PCs will display more information than any correlation circle plot of the original variables. Figure 3 shows the characterization of the PCs using variables. The results indicated that F1 (58.33%) was strongly related to particle size and % Al 2 O 3 while F2 (18.73%) was strongly related to % SiO 2 and flocculant dosage. Figure 3 shows that % Al 2 O 3 , and % SiO 2 , and particle size were not correlated and this was true at 77.06% (% F1 ? % F2). This is also confirmed by the dispersion of % Al 2 O 3 and % SiO 2 shown in Table 1 . The impact of this dispersion is visualized when analyzing the variables that define each component. % Al 2 O 3 and particle size particle were positively correlated with the F1; the opposite is observed for the concentration of solids. This would mean that the more granulometry is coarse, the settling performance of the residues will be favored. This means otherwise that at coarse particle sizes, the particle surfaces are predominantly occupied by alumina particles. With respect to the second main component F2, the concentration of flocculant and % SiO 2 were positively correlated with F2. High doses of flocculants gave good sedimentation performance. The results also showed that a high content of SiO 2 would promote the flocculation of solids.
The settling rate had a negative and weak correlation with all the variables (SumCos 2 = 44%) which can be explained by the variable settling rates (0.18-0.42 m/h), and which gives the possibility to have pulp with easy decantation (0.42 m/h) or difficult decantation (0.21 m/h). However, the settling rate could not be represented in the factorial design as its influence on all the variables was very insignificant. The results suggest that the choice of F1 and F2 was very satisfactory to account for similarities or differences between observations or correlations between variables. Table 7 shows that the test carried out on the HMS concentrate with the APAM flocculant (Obs9) had a strong influence on F1. A good representation quality on the factorial plane with Cos 2 = 79% is shown in Fig. 4 . This reflects a good behavior of APAM on the HMS concentrate. CPAM also performed well on the HMS and KZC concentrate with Cos 2 = 84 and 77%, respectively. Important to note here that Bronté (Obs2) and APAM (Obs10) showed similar behavior on the KIL1 concentrate. Finally, CPAM (Obs 8) and APAM (Obs 9) yielded very different results on Flot KIL2 and HMS concentrates, respectively.
The anionic flocculants, Bronté and APAM, with high molecular weights showed better suitability to treat KIL1 concentrate. In fact, with high molecular weight anionic polymers, bridging is the main mechanism for trapping particles [20] . Bolto and Gregory [21] demonstrated the importance of choosing the appropriate molecular weight and charge density polymer to optimize the kinetics of flocculation and particle trapping. The opposite behaviors of CPAM and APAM on the concentrates KIL2 and HMS show that the mechanisms of the flocculants also depend on the nature of the concentrate. In addition, since APAM and CPAM are high charge density polymers (ionicity [ 15%), they interact with particles carrying charges of opposite sign. Flocculation takes place mainly by neutralization or charge compensation [11] .
The bivariate plot given in Fig. 4 displays the differentiation of the similarities and dissimilarities observed in the experiments. The variables and observations are represented on an F1 (x-axis)-F2 (y-axis) plan. The results from settling tests on the Flot KVE sample with Bronté, CPAM, and APAM, respectively (obs3, obs7, and obs11), seem to be more clustered around the origin of the axes than those on Flot KIL2 sample with Bronté (obs4). The results presented in Table 7 now appear more marked and can be explained based on the biplot. The observations are ordered along the F1 axis in the same way as in F1. The same trend was also observed for the variables projected on F2. The distance can allow discriminating the variables from consideration in the selection of flocculants because of their poor effects on the settling process.
In Table 6 and Fig. 4 , it is shown that the settling tests with the anionic (Bronté and APAM) yielded good metallurgical performance with a settling velocity of 0.42 m/h and a settling surface of 0.40 m 2 /t/h. This behavior would be attributable to the flocculant properties such as high molecular weight and a large number of active sites on the hydrocarbon chain, added to the physicochemical natures of the ore samples [22] .
PCA also allows partitioning of the feeds (pulp and flocculant) during the statistical treatment. Thus, four distinct similarity areas is shown in Fig. 4 . Dissimilarities are also observed with respect to F1 or F2. If one refers to the first quadrant (positive F1 and positive F2), a similarity is observed between the variables and observations. Figure 4 shows a correlation between flocculant dosage and particle size), a similarity between obs2, obs6, and obs10. Table 8 presents the effects of the three flocculants considered on the minimization of TSS in PLS. As shown, APAM appears to give the lowest TSS and would be the good substitute for Bronte. This can be explained by the high molecular weight and high charge density of APAM, as well as the nature of the concentrates tested.
Conclusion
This work investigated the flocculation and settling behavior of copper-cobalt leach residues using three different flocculants. The analysis of the correlation matrix of the seven variables considered showed strong correlations between variables such as flocculant dosage and particle size. In contrast, flocculant dosage and % SiO 2 were not correlated either with each other or with the rest of the variables.
PCA helped reducing the seven variables to two significant PCs that explained 77.06% of the variance of the original dataset. F1 (58.33%) and F2 (18.73%) were assigned to solids concentration, particle size, and % Al 2 O 3 , and flocculant dosage and % SiO 2 . The overall results showed that the concentration of solids, % Al 2 O 3 , and particle size were the three most influential variables on sedimentation of Cu-Co leach residues. Good metallurgical results were obtained with anionic flocculants (APAM and Bronte) while settling tests with cationic flocculant (CPAM) gave poor metallurgical results.
